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Biochemistry, Department of Biosciences, A˚bo Akademi University, Turku, FinlandABSTRACT The sphingoid bases of sphingolipids, including ceramides, can vary in length from 12 to >20 carbons. To study
how such length variation affects the bilayer properties of ceramides, we synthesized ceramides consisting of a C12-, C14-,
C16-, C18-, or C20-sphing-4-enin derivative coupled to palmitic acid. The ceramides were studied in mixtures with palmitoylo-
leoylphosphocholine (POPC) and/or palmitoylsphingomyelin (PSM), and in more complex bilayers also containing cholesterol.
The trans-parinaric acid lifetimes showed that 12:1- and 14:1-PCer failed to increase the order of POPC bilayers, whereas 16:1-,
18:1-, and 20:1-PCer induced ordered- or gel-phase formation. Nevertheless, all of the analogs were able to thermally stabilize
PSM, and a chain-length-dependent increase in the main phase transition temperature of equimolar PSM/Cer bilayers was
revealed by differential scanning calorimetry. Similar thermal stabilization of PSM-rich domains by the ceramides was observed
in POPC bilayers with a trans-parinaric acid-quenching assay. A cholestatrienol-quenching assay and sterol partitioning
experiments showed that 18:1- and 20:1-PCer formed sterol-excluding gel phases with PSM, reducing the overall bilayer affinity
of sterol. The effect of 16:1-PCer on sterol distribution was less dramatic, and no displacement of sterol from the PSM environ-
ment was observed with 12:1- and 14:1-PCer. The results are discussed in relation to other structural features that affect the
bilayer properties of ceramides.INTRODUCTIONCeramides, which constitute one of the main intermediates
in cellular sphingolipid metabolism, have been found to
play important roles in cellular signaling processes (1–3),
and the factors that form the basis of the biological effects
of ceramides are receiving increasing attention. These
sphingolipids are a minor but important component of
biological membranes, and as a result of specific effectors,
such as radiation, cytokines, and heat, the cellular amount
of ceramides can increase remarkably (4). It is thought
that changes in membrane structure and lateral organization
induced by the specific interactions of ceramides with other
cellular lipids or proteins participate in mediating the bio-
logical responses to increased levels of ceramides (5,6). In
model membrane studies, it has been shown that ceramides
can cause significant changes in the biophysical properties
of phospholipid membranes by increasing their molecular
order and inducing lateral phase separation (7–11). In
more complex bilayers, ceramides can recruit sphingo-
myelin to form sphingolipid-enriched gel-phase domains
(10,12,13), which at certain concentration ranges exclude
cholesterol (CHL) (14,15). In the search for structural
features that govern the biophysical properties and behavior
of ceramides in bilayer membranes, most attention has been
paid to the length and degree of unsaturation of the N-linked
acyl chain (12,16–24) and the interfacial region close to theSubmitted June 5, 2012, and accepted for publication September 11, 2012.
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0006-3495/12/11/1870/10 $2.00polar head (19,25). Some studies have even included ceram-
ides with different molecular species of the sphingoid bases,
such as the phytosphingosine-based phytoceramide (19) and
sphinganine-based dihydroceramide (26). To our knowl-
edge, no studies have reported on the importance of the
sphingoid base length in regulating the properties of cer-
amide bilayers, although great variation in the length of
some sphingoid bases and sphingoid base-like compounds
has been observed (27,28).
The enzymes responsible for the control of the length
of cellular sphingoid bases, i.e., the serine palmitoyltrans-
ferases that catalyze the acylation of serine with palmitoyl-
CoA in the de novo synthetic pathway of sphingolipids,
are highly selective for fatty acyl-CoAs with 165 1 carbon
atoms, with the highest activity in the presence of palmitoyl-
CoA (29–32). This accounts for the prevalence of sphingoid
bases with 18 carbon atoms (16 from palmitoyl-CoA and two
from serine). Although the C18-sphingoid bases sphingosine
(sphing-4-enine), sphinganine, and phytosphingosine are by
far the most common, in some animal tissues other chain-
length variants predominate. For example, the gangliosides
of mammalian brain (33) and human gastrointestinal mucosa
(34), as well as equine kidney sphingolipids (35), contain
substantial amounts of C20-sphingoid bases. Shorter sphin-
goid bases can be found in relatively high amounts in, e.g.,
bovine sphingolipids (36–38) and the skin of the Antarctic
minke whale (39), which contain sphingoid bases with
16 carbon atoms. Moreover, insect sphingolipids contain
primarily shorter sphingoid bases (C14 and C16) (40,41).
A strikingly wide range of different sphingoid base lengths
is found in the ceramides of human skin, ranging from as
short as C12- (42) to as long as C28-sphingoid bases (43).http://dx.doi.org/10.1016/j.bpj.2012.09.018
Ceramide Sphingoid Base Length Analogs 1871Fyrst and co-workers (41), who characterized the sphin-
goid bases of Drosophila melanogaster, suggested that
short-chain sphingoid bases are likely to have significantly
different biophysical properties compared with longer-chain
sphingoid bases. Moreover, they suggested differences in the
effects that sphingoid bases of varying length could have
on membranes. To further develop this hypothesis, we
synthesized ceramides in which the length of sphingosine
was systematically shortened from 20 to 12 carbons
(Scheme 1), and investigated the membrane properties
of these ceramides in two-component liposomes with
palmitoyloleoylphosphocholine (POPC) or (hexadecanoyl)-
sphing-4-enine-1-phosphocholine (palmitoylsphingomye-
lin, PSM), and in more complex bilayers composed of
POPC, PSM, and ceramide, both with and without CHL.
The length of the sphingoid base was observed to markedly
affect the membrane behavior of the ceramides in terms
of interlipid interactions and formation of ceramide-rich
ordered- or gel-phases. The results are discussed in relation
to other structural features that have been found to be impor-
tant for the bilayer properties of ceramides.MATERIALS AND METHODS
PSM was purified from egg yolk sphingomyelin (Avanti Polar Lipids,
Alabaster, AL) as previously described (44). (hexadecanoyl)-sphing-4-
enine (palmitoylceramide, 18:1-PCer) was purchased from Larodan
Fine Chemicals (Malmo¨, Sweden). (hexadecanoyl)-dodecasphing-4-
enine (12:1-PCer), (hexadecanoyl)-tetradecasphing-4-enine (14:1-PCer),
(hexadecanoyl)-hexadecasphing-4-enine (16:1-PCer), and (hexadecanoyl)-
icosasphing-4-enine (20:1-PCer) were synthesized by coupling the different
length D-erythro-sphingoid bases (dodecasphing-4-enine, tetradecasphing-
4-enine, hexadecasphing-4-enine, or icosasphing-4-enine; Larodan Fine
Chemicals) to palmitic anhydride (Sigma-Aldrich, St. Louis, MO) as
described previously (45) (Scheme 1). All other synthetic procedures and
sources of the commercial chemicals are described in the Supporting
Material.
To obtain information about the properties of binary bilayers of POPC
and the ceramide analogs (at 85/15 mol %), or quaternary bilayers of
POPC/PSM/Cer/CHL (60/15/15/10 mol %), we measured the fluorescence
lifetimes of trans-parinaric acid (tPA, at 0.5 mol %) in multilamellar vesi-
cles at 23C. Differential scanning calorimetry (DSC) was used to study the
thermotropic properties of PSM/Cer bilayers of equimolar composition.
The effects of the ceramide analogs on the thermal stability of PSM-rich
ordered domains were studied in ternary bilayers of POPC/PSM/Cer
(70/15/15 mol %) with a tPA-fluorescence quenching assay (22). Possible
displacement of sterol from the PSM-rich environment in POPC/PSM/SCHEME 1 Schematic representation of the ceramide analogs used
in this study. The ceramides differed in the length of the sphingoid
base (12, 14, 16, 18, or 20 carbon atoms) that was based on the sphing-4-
enine (sphingosine) structure. All ceramides contained palmitic acid as
the N-linked acyl chain.Cer/CHL bilayers (60/15/15/10 mol %) was studied with a cholestatrienol
(CTL)-fluorescence quenching assay (46). Fluorescence quenching was
measured in phase-separated multilamellar vesicles as a function of
temperature, and determined as the relative fluorescence intensity of the
fluorescent probes (1 mol % of tPA added to the bilayers or 1 mol % of
CTL replacing an equal amount of CHL) in quenched F samples, which
contained both the probe and the quencher (i.e., 1-palmitoyl-2-stearoyl-
(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) that replaced an equal
amount of POPC), over the intensity from unquenched F0 samples, which
contained the fluorophores but no quencher. Increasing the temperature in
the samples changed the quenching susceptibility of the probes by
increasing the solubility of 7SLPC in the laterally segregated domains
enriched in the probes as the bilayers became more disordered. Domain
melting was observed as a gradual decrease in the F/F0 ratio. To determine
the affinity of sterol for bilayers containing the ceramide analogs, we
measured the partitioning of CTL (2 mol %) between methyl-b-cyclodex-
trin (mbCD) and unilamellar vesicles composed of POPC/PSM/Cer/CHL
(60/15/15/10 mol %). The molar fraction partition coefficient (Kx) of
CTL was obtained as previously described (20,47). All methods are
described in more detail in the Supporting Material.RESULTS
Effects of the ceramide analogs on fluid POPC
bilayers
Long-chain ceramides are known to induce lateral phase
separation in fluid phosphatidylcholine bilayers, with the
concomitant formation of ceramide-rich ordered- or gel-
phase domains (7–11). To study the ability of the long-chain
base modified ceramides to form ordered phases in fluid
POPC bilayers at 23C, we measured the fluorescence
decays of tPA in POPC containing 15 mol % of ceramide
(Fig. 1). In general, tPA displays short lifetimes in phases
of low packing densities, whereas its lifetime components
become significantly longer in phases of high molecular
order, with a fingerprinting lifetime of R30 ns reportedFIGURE 1 Effect of the ceramide analogs on the order of POPC bilayers.
The mean fluorescence lifetimes of tPA (0.5 mol %) were measured in
multilamellar vesicles composed of POPC or POPC/Cer (85/15 mol %,
100 mM final lipid concentration) at 23C. The mean lifetime of tPA in
the presence of 12:1- and 14:1-PCer was close to that of pure POPC,
whereas 16:1-, 18:1-, and 20:1-PCer induced a chain-length-dependent
increase in the mean lifetime. The average intensity-weighted lifetimes5
SD for triplicates are shown.
Biophysical Journal 103(9) 1870–1879
1872 Maula et al.for ceramide-containing gel-phases (11,48–50). The 5 ns
mean lifetime of tPA in POPC bilayers was only weakly
affected by the presence of 12:1- and 14:1-PCer, both of
which increased the lifetime to ~6 ns (Fig. 1). Such short
lifetimes signify efficient spontaneous quenching of tPA
due to the bilayers being in a disordered state. The presence
of 16:1-, 18:1-, and 20:1-PCer increased the mean lifetime
of tPA to 15 ns, 35 ns, and 45 ns, respectively, indicating
a significant increase in the order of the POPC bilayers
(Fig. 1).
An inspection of the individual lifetime components of
tPA revealed that whereas in pure POPC and mixtures of
POPC and 12:1- or 14:1-PCer, two short lifetimes occurred,
the presence of 16:1-, 18:1-, and 20:1-PCer gave rise to
a third, long component above 30 ns (see the data for binary
mixtures in Table S1). The length, intensity, and amplitude
of this long component increased with increasing sphingoid
base length. For the POPC/18:1-PCer bilayers at the applied
molar fraction of ceramide (15 mol %), the long-lifetime
component is related to the existence of a ceramide-rich
gel-phase (11,48). Thus, the results suggested lateral segre-
gation and formation of ceramide-rich ordered- or gel-
phases also by 16:1- and 20:1-PCer. The appearance of
the long-lifetime component was accompanied by a slight
increase in the length of the shorter components (Table
S1), reflecting an ability of the long-chain ceramides to
enhance the acyl chain packing of POPC, as previously
shown for 18:1-PCer (9,11).FIGURE 2 Thermotropic properties of PSM/ceramide binary bilayers.
DSC thermograms of pure PSM and equimolar PSM/Cer binary mixtures
(1 mM final lipid concentration) were recorded between 20C and 95C
at a temperature gradient of 1C/min. The ceramide analogs interacted
with PSM to form complex gel phases for which the transition temperature
increased in a chain-length-dependent manner. Representative data of the
highest phase transition peaks of the second heating scans of four indepen-
dently repeated experiments are shown for 1), PSM; 2), PSM/12:1-PCer; 3),
PSM/14:1-PCer; 4), PSM/16:1-PCer; 5), PSM/18:1-PCer; and 6), PSM/
20:1-PCer. For clarity, only the temperature range around the main gel-
to-fluid transition for each mixture is shown, and stretches that showed
no remarkable features are omitted.Thermotropic properties of PSM/ceramide analog
bilayers
To obtain information about the effects of the sphingosine
length on ceramide interactions with PSM, we performed
DSC studies with multilamellar vesicles composed of binary
(1:1) mixtures of the ceramide analogs and PSM (Fig. 2).
The ceramide analogs were found to interact with PSM to
form gel-phases with higher gel-to-fluid transition tempera-
tures than observed with pure PSM (41C). A chain-length-
dependent increase in the thermal stability of the gel-phases
was observed, with main phase transition temperatures of
46C, 52C, 65C, 72C, and 71C for increasing sphingo-
sine length on ceramide (Fig. 2, lines 2–6). The 12:1 and
14:1 analogs also reduced the enthalpy of the PSM pretran-
sition (at ~30C), whereas it was fully diminished by the
other ceramide analogs. Separate melting transitions for
PSM and the ceramides were not observed in any of the
mixtures. The main phase transition temperature observed
for the PSM/18:1-PCer bilayers (72C) agrees well with
previously reported values for the same binary composition
(25,46,51). When Busto and co-workers (51) analyzed this
particulate mixture, the peak at 72C was deconvoluted
into two components with presumable differences in the
relative PSM/ceramide ratios. Thus, the DSC profiles shown
in Fig. 2 probably represent melting of complex gel phasesBiophysical Journal 103(9) 1870–1879with differences in the relative proportions of PSM and
ceramide. Because the detailed composition of each gel-
phase component is unknown, it is difficult to discuss the
partitioning of the ceramides in the mixed phases in detail.
In conclusion, although the 12:1- and 14:1-PCers failed to
increase the order of fluid POPC bilayers (Fig. 1), they
were still able to interact with PSM to form high-melting-
temperature gel-phases (Fig. 2). The difference in the ability
of these ceramides to increase the relative order of POPC
and PSM could originate partly from the higher pro-
portion of the ceramides in the PSM bilayers, but it could
also relate to ceramide favorably partitioning into sphingo-
myelin-rich domains in bilayer membranes (8,13,46,52),
reflecting more favorable interactions between ceramide
and sphingomyelin.Effect of the ceramide analogs and CHL on the
thermal stability of PSM-rich gel-phase domains
in POPC bilayers
To study whether the ceramide analogs also interacted with
PSM in ternary mixtures with POPC, where lateral phase
separation is expected, and to compare the effects of the
ceramides and CHL on the thermostability of PSM-rich
gel-phase domains in POPC bilayers, we performed tPA-
fluorescence quenching studies in ternary mixtures of
POPC/PSM/Cer or CHL (70/15/15 mol %; Fig. 3). Because
tPA preferentially partitions into ordered phases (11,49), it
FIGURE 3 Effect of the ceramide analogs on the melting of PSM-rich
domains in POPC bilayers. 7SLPC-induced fluorescence quenching of
tPA as a function of temperature was measured in multilamellar vesicles
with 50 mM final lipid concentration. The vesicles were composed of
POPC/PSM (82/18 mol %), POPC/PSM/CHL (70/15/15 mol %), and
POPC/PSM/Cer (70/15/15 mol %). F/F0 was defined as the relative fluores-
cence intensity of tPA in the F samples that contained both 7SLPC (replac-
ing 50% of POPC) and tPA (1 mol %) over the intensity in the F0 samples
that contained tPA (1 mol %) but no 7SLPC. tPA-quenching revealed that
each of the ceramide analogs was able to thermally stabilize the PSM-
rich domains in fluid POPC bilayers. However, compared with CHL,
only 16:1-, 18:1-, and 20:1-PCer were more pronounced in their ability
to increase the end-melting temperature of the PSM-rich domains. As
Ceramide Sphingoid Base Length Analogs 1873is suitable for detecting changes in the thermal stability
of sphingolipid-rich domains in heterogeneous bilayers
(22,25). The ceramide analogs were observed to induce
a chain-length-dependent thermal stabilization of PSM-
rich domains in the POPC bilayers (Fig. 3). In the absence
of ceramide (or CHL) the PSM-rich domains melted
at ~16C (Fig. 3, bottom trace). This observation agrees
well with the reported phase diagrams for this mixture,
which show that up to 14C a fluid and a PSM-rich gel-
phase coexist in the bilayers, whereas at higher temperatures
the bilayers are in a fully fluid state (48,53,54). When
15 mol % of the ceramide analogs was added to the bilayers,
the domain-melting temperature increased in proportion to
the sphingoid base length, occurring at ~20C, 28C,
40C, 47C, and 50C (Fig. 3). This finding agrees well
with the thermal stabilization of the PSM gel phase
observed with DSC (Fig. 2). In the ternary bilayers contain-
ing 18:1-PCer, the high end-melting temperature observed
in Fig. 3 stems from the melting of a ceramide-rich gel
phase that coexists with a POPC-rich fluid phase (48).
When 15 mol % of CHL was added to the bilayers, tPA
reported a domain melting at ~29C, indicating that CHL
was more pronounced than 12:1-PCer and nearly equal to
14:1-PCer in its ability to thermally stabilize the PSM-rich
domains. However, the affinity of tPA for the domains
seemed to be higher in the presence of the ceramides than
with CHL, as evidenced by the larger shift in the F/F0 ampli-
tude. This is most probably attributed to the higher total
proportion of sphingolipids compared with the CHL-
containing bilayers. The thermal stabilization induced by
the ceramide analogs with longer than C14 sphingosines
was significantly greater than that induced by CHL, reflect-
ing stronger interactions of those ceramides with PSM.a reference to the relative changes in the F/F0 between the different
mixtures, the initial F/F0 value is given for each measurement. Representa-
tive curves of two independently repeated experiments are shown.
Formation of sterol-excluding ordered or
gel-phases by PSM and the ceramide analogs
in complex bilayers
After observing that in POPC bilayers the ceramide analogs
were all able to interact with PSM to form sphingolipid-rich
domains (Fig. 3), we decided to study how the formation of
such domains affected the lateral distribution of CHL in
complex mixtures. To that end, we performed CTL-fluores-
cence quenching studies in ternary and quaternary mixtures
of POPC/PSM/CHL and POPC/PSM/Cer/CHL (Fig. 4).
We previously reported the successful use of the CTL-
quenching assay to study the formation and thermal stability
of CHL-rich domains in heterogeneous bilayers (46).
Ceramides have been shown to induce displacement of
CHL from sphingomyelin-rich or saturated phosphati-
dylcholine-rich domains (14,15,46,55,56), and in such
situations no sterol-rich domains are reported by the CTL-
quenching assay (14,46). We studied the effects of the
ceramide analogs on formation of sterol-rich domains by
comparing the CTL-quenching in POPC/PSM/CHL bilayersof 60/30/10 molar composition with that observed when
half of the PSM was replaced with a ceramide (to yield
POPC/PSM/Cer/CHL, 60/15/15/10 mol %). The melting
profile of the POPC/PSM/CHL 75/15/10 molar composition
is shown as a reference for bilayers with a reduced amount
of PSM but no ceramide. The melting of the gel phase that is
known to be present in the POPC/PSM/CHL mixture at 60/
30/10-molar composition at 23C (53,54) is clearly shown
in the CTL-quenching profile, with an apparent end-melting
temperature of ~38–40C (Fig. 4, uppermost trace). How-
ever, when half of the PSM in those bilayers was substituted
by 18:1- or 20:1-PCer, CTL was quenched already at low
temperatures and no domain melting could be observed.
This suggested the formation of highly ordered PSM/
ceramide-rich domains that excluded sterol, which has
been shown to be the case for 18:1-PCer in bilayers equal
to those studied here (14,25,46). Although the initial F/F0Biophysical Journal 103(9) 1870–1879
FIGURE 4 Effect of the ceramide analogs on sterol-enriched domains
in complex bilayers. 7SLPC-induced fluorescence quenching of CTL
as a function of temperature was measured in multilamellar vesicles
with 50 mM final lipid concentration. The vesicles were composed of
POPC/PSM/CHL (60/30/10 or 75/15/10 mol %) or POPC/PSM/Cer/CHL
(60/15/15/10 mol %). F/F0 was defined as the relative fluorescence intensity
of CTL in the F samples that contained both 7SLPC (replacing 50% of
POPC) and CTL (replacing 1 mol % of CHL) over the intensity in the F0
samples that contained CTL (replacing 1 mol % of CHL) but no 7SLPC.
CTL-quenching revealed that when PSM and 18:1- or 20:1-PCer existed
in the bilayers at an equimolar amount, sterol was displaced from the
PSM environment and no domain melting was observed. Displacement of
sterol was verified by the existence of PSM/ceramide-rich, high-melting-
temperature, gel-phase domains in those bilayers (Fig. S1 and Table S1).
The POPC/PSM/CHL 75/15/10 molar composition is shown as a reference
for bilayers with a reduced amount of PSM but no ceramide. As a reference
to the relative changes in the F/F0 between the different mixtures, the initial
F/F0 value is given for each measurement. Representative curves of at least
three independently repeated experiments are shown.
1874 Maula et al.ratio of CTL emission in the presence of 16:1-PCer was as
low as that in the presence of 18:1- and 20:1-PCer (Fig. 4),
signifying efficient initial quenching of CTL fluorescence,
the observation of a domain melting at ~38C indicated
that a fraction of CTL was still protected against quenching,
and that 16:1-PCer did not completely displace sterol from
the PSM environment in those bilayers.
In the presence of 12:1- and 14:1-PCer, the CTL quench-
ing reported domain meltings at ~23C and 29C, respec-
tively (Fig. 4). Such clear melting profiles indicated that
these ceramides were not able to interact with PSM in
the quaternary bilayers so as to form sterol-excluding
sphingolipid-rich domains. Moreover, the similarity of the
melting profiles in the presence of 12:1- and 14:1-PCer to
that of the POPC/PSM/CHL 75/15/10 bilayers (Fig. 4,
bottom trace), in which half of the original 30 mol % of
PSM was replaced with POPC, suggested that instead of
interacting with PSM, the ceramides could even haveBiophysical Journal 103(9) 1870–1879partitioned more into the POPC-rich phase, increasing the
proportion of the fluid phase in the bilayers. Alternatively,
they could have coexisted with PSM in the sterol-rich
domains, in which case the 12:1-PCer did not greatly affect
their thermal stability, whereas a slight thermal stabilization
was induced by 14:1-PCer.
We previously suggested that the displacement of CHL
from PSM-rich domains is dependent on the ability of
ceramide to thermally stabilize and increase the order of
the PSM environment (14,25). Although all of the ceramide
analogs were observed to thermally stabilize PSM in the
binary and ternary mixtures (Figs. 2 and 3), differences in
their ability to interact with and affect the molecular order
of PSM-rich domains in the complex bilayers could ex-
plain the observed differences in their ability to form
sterol-excluding sphingolipid-rich domains. Indeed, when
we used tPA-quenching to detect the effects of the ceram-
ides on the melting of PSM-rich domains in bilayer
compositions equal to those used in the CTL-quenching
experiment, only 18:1- and 20:1-PCer were observed to
thermally stabilize the PSM environment (Fig. S1). This
finding is consistent with that of Chiantia and co-workers
(12), who studied the effect of the N-acyl chain length on
the formation of ceramide-rich phases and observed that
only long-chain ceramides were able to segregate into
ceramide-rich domains in complex bilayers. The 18:1 and
20:1 analogs also significantly increased the mean lifetime
of tPA in the complex bilayers (Fig .S2), an effect attributed
to the increase in both length and amplitude of the longest-
lifetime component of tPA, indicating increased proportion
of gel-phase in the presence of these ceramides compared
with the bilayers with 30 mol % of PSM (Table S1). For
the complex bilayers containing 12:1-, 14:1-, and 16:1-
PCer, tPA-quenching reported domain-melting temperatures
similar to those observed with CTL (Fig. 3 and Fig. S1),
indicating that the two probes detected the same domains
in those bilayers. Clearly, 12:1- and 14:1-PCer were not
able to recruit PSM to formation of sphingolipid-rich
domains of high thermal stability or high molecular order
(Fig. S1 and Fig. S2), which explains why these ceramides
were not observed to displace sterol from the PSM environ-
ment. Whether 12:1- and 14:1-PCer partitioned more into
the POPC-rich fluid phase or were associated with the
PSM/sterol-rich domains in the complex bilayers remains
unresolved. However, a comparison of the individual life-
time components of tPA in the complex mixtures revealed
that the lifetimes of tPA were longer in the 14:1-PCer-con-
taining bilayers than in the POPC/PSM/CHL bilayers with
15 mol % of PSM, indicating that the presence of 14:1-
PCer increased themolecular order of the PSM-rich domains
(Table S1). With the methodology used in this study, we
cannot distinguish whether this effect stemmed from 14:1-
PCer being located in the PSM-rich environment (without
displacing sterol) or if this ceramide had a more indirect
effect on the domains from the fluid phase (e.g., at the
FIGURE 5 Bilayer affinity of sterol in the presence of the ceramide
analogs in complex bilayers. The affinity of CTL (2 mol %) for unilamellar
vesicles composed of POPC, POPC/PSM/CHL (60/30/10 or 75/15/
10 mol %), and POPC/PSM/Cer/CHL (60/15/15/10 mol %) was deduced
from the equilibrium partitioning of CTL between the vesicles (40 mM final
lipid concentration) and mbCD at 23C (solid circles) and 37C (open
circles). Sterol affinity was defined as the molar fraction partition coeffi-
cient Kx 5 SD for duplicate measurements as previously described (47).
Ceramide Sphingoid Base Length Analogs 1875domain boundaries). Although 16:1-PCer was not observed
to thermally stabilize the PSM-rich domains or to increase
the mean lifetime of tPA in complex mixtures such as
18:1- and 20:1-PCer (Fig. S1 and Fig. S2), it induced an
increase in the longest-lifetime component of tPA when
it substituted half of the PSM in the 60/30/10-mixture
(Table S1), indicating an increase in the molecular order of
the PSM-rich phase. However, the length, intensity, and
amplitude of the longest-lifetime component with 16:1-
PCer were significantly lower than with 18:1- and 20:1-
PCer, suggesting that the gel-phase-forming properties of
16:1-PCer were remarkably attenuated compared with those
of the ceramides with longer sphingoid bases. This explains
why 16:1-PCerwas not as effective as 18:1- and 20:1-PCer in
displacing CHL. The low initial F/F0 observed with 16:1-
PCer in the CTL-quenching assay (Fig. 4), as well as the
low F/F0 amplitude observed with tPA quenching (Fig. S1),
suggests low affinity of the probes for the domains formed
in the presence of 16:1-PCer. However, because the quench-
ing assay is based on collisional quenching of the fluoro-
phores in phase-separated bilayers where POPC is expected
to have a fluidizing effect on domain boundaries, domains
of smaller size or increased proportion of domain boundary
would be less efficient in protecting the fluorophores from
quenching than larger domains or domains in which the
boundary line is minimized, resulting in low F/F0 initial
values and amplitude shifts. Thus, the domains in the pres-
ence of 16:1-PCer could be smaller in size or of a different
shape than those formed by, e.g., the 18:1 and 20:1 analogs,
which could have affected the amplitude of the quenching.Effects of the ceramide analogs on bilayer affinity
of sterol
To gain additional insight into the effects of the ceramide
analogs on the bilayer distribution of sterol, we measured
the bilayer affinity of CTL in the complex bilayers at 23C
and 37C (Fig. 5). The CTL-partitioning assay provides
information about the overall bilayer affinity of sterol in equi-
librium conditions and has been successfully used to report
on changes in sterol affinity in the presence of ceramides
(20,22,25). In contrast to the CTL-quenching assay, which
provides information about the formation and thermal
stability of laterally segregated sterol-rich domains, the parti-
tioning assaymeasures the molar partition coefficient (Kx) of
sterol for the whole bilayer, and thus can reveal ceramide-
induced changes independently of the lateral distribution of
the ceramides in the bilayers. Sterol was observed to partition
more favorably into bilayers that contained PSM than into
pure POPC bilayers at both measured temperatures (Fig. 5),
which is consistent with similar data for comparable systems
(20,57). For the PSM-containing bilayers (at both 60/30/10
and 75/15/10 molar composition), sterol affinity was lower
at 37C than at 23C, reflecting less favorable partitioning
of sterol to the bilayers when they were in a more fluid state.We previously showed that sterol displacement from a PSM-
rich environment has a remarkable reducing effect on the
bilayer affinity of sterol (25). Therefore, replacement
of half of the PSM in the POPC/PSM/CHL bilayers (60/30/
10 molar composition) by 18:1- or 20:1-PCer, which
were shown to displace sterol from the PSM-rich domains
(Fig. 4), is expected to cause a marked reduction in sterol
affinity, which was shown to be the case (Fig. 5).
Consistent with the partial sterol displacement induced by
16:1-PCer (Fig. 4), the reduction in sterol affinity was not as
steep in the presence of 16:1-PCer as with the longer ceram-
ides. For the bilayers that contained 12:1- or 14:1-PCer, the
low sterol affinity was not caused by sterol displacement,
but rather was a result of a reduction in the amount of
PSM. This conclusion is supported by the observation that
the level of sterol affinity in the presence of those ceramides
was similar to that observed for the POPC/PSM/CHL 75/15/
10 bilayers (Fig. 5). 12:1- and 14:1-PCer could have parti-
tioned into the POPC-rich phase, or coexisted with CHL
in the PSM-rich domains, without significantly affecting
the affinity of CTL for the PSM-rich domains in the bila-
yers. Another interesting finding was the gradual increase
in sterol affinity at 37C when the sphingoid base of ceram-
ide increased from 12 to 16 carbons. This effect could be
related to the gradually increasing stabilizing effect of the
ceramides on the PSM-rich domains observed in Fig. 3.DISCUSSION
Different targeted modifications of ceramide molecules
have been widely used to reveal how the structure of theseBiophysical Journal 103(9) 1870–1879
1876 Maula et al.molecules affects their membrane behavior, and which
features of the structure govern their bilayer properties.
However, to our knowledge, no studies about the importance
of the long-chain base length in regulating the properties of
ceramides in bilayers have been reported, although animal
sphingolipids have been found to contain sphingoid bases
with a wide range of varying lengths (27,28). In this study
we examined the membrane effects of ceramide analogs
with C12-C20 sphingosine bases (Scheme 1). In general,
our results show that in addition to the features reported
earlier regarding the N-acyl chain (12,16–23) and the inter-
face region (19,25), the membrane behavior of ceramides is
also markedly affected by the length of their sphingoid base
when the N-linked acyl chain length is kept unchanged.
For saturated phospholipids, reducing the number of
carbon atoms on either of the hydrocarbon chains causes
a decrease in the chain melting temperature (58). Because
the sphingoid base and the N-acyl chain of ceramides can
be considered to be similar to the hydrocarbon chains of
phospholipids, it is not surprising that effective shortening
of the length of the sphingosine, and the subsequent
induction of chain mismatch, was found to affect the bilayer
properties of the ceramide analogs in terms of interactions
with other membrane lipids. Nevertheless, the differences
observed in the membrane behavior of the ceramide analogs
provide interesting insights into the importance of the sphin-
goid base length for the membrane effects of ceramides.
This study by no means provides a thorough characteriza-
tion of the interlipid interactions, bilayer behavior, or phase
state of the ceramide analogs; rather, it is a preliminary
study about the relative effects of the sphingoid base length
on the membrane properties of ceramides. For the mixtures
containing ceramide analogs other than palmitoylceramide
(18:1-PCer), the phase behavior or relative amount of gel-
like or ordered domains is not known, but the observation
of formation and relative order of such domains, together
with the observed effects on other bilayer properties (such
as molecular order and sterol distribution), still enable
a comparison of the overall properties of the different
mixtures.Effect of the sphingoid base length on ceramide
properties in two-component bilayers
Considering the perpendicular orientation of the axes of the
ceramide hydrocarbon chains toward the planar, rigid amide
link (59), one would expect the two aliphatic chains to
protrude in a similar way into the membrane, having similar
properties in the membrane hydrophobic core. Long, satu-
rated ceramide acyl chains confer a high degree of order
to the center of the membrane, and therefore varying the
length of either of the chains, causing mismatch-induced
disordering effects on the terminal carbons and reduced
chain-chain van der Waal’s interactions would be expected
to have similar effects on the bilayer properties of ceram-Biophysical Journal 103(9) 1870–1879ides. This seems to be true for the interactions of ceramides
with sphingomyelin in binary bilayers. Here, our DSC
studies with PSM/Cer (1:1) mixtures revealed that short-
ening of the sphingosine length of ceramide induced a
chain-length-dependent decrease in the gel-to-fluid transi-
tion temperature of the complex gel phases that all of the
analogs formed with PSM (Fig. 2). In a previous study
(16), we observed a similar chain-length-dependent effect
on the thermotropic properties of PSM when ceramides
with different N-acyl chain lengths were mixed with PSM
in two-component liposomes (though with lower concentra-
tions of ceramides than were used here).
The high degree of asymmetry in the melting transitions
of the PSM/ceramide mixtures shown in Fig. 2 raises a ques-
tion as to whether they could represent overlapping transi-
tions instead of melting of a complex PSM/ceramide-gel
phase. Due to limitations in the availability of the analogs,
we did not record the thermograms of the pure ceramide
components. However, because ceramides that contain short
or intermediate-length N-acyl chains display relatively high
melting temperatures (e.g., 54C for C2 (18) and 64.4C for
C8 ceramide (16)), we believe that the melting transitions of
the pure ceramide analogs would occur at much higher
temperatures than the melting of the corresponding mixtures
with PSM shown in Fig. 2. Thus, we consider it safe to
assume that the DSC-melting profiles represent the melting
of the mixed PSM/ceramide-gel phases.
Although our ceramide analogs were all able to interact
with PSM in the binary bilayers (Fig. 2), chain-length-
dependent differences were observed in the miscibility
of the ceramides in fluid POPC bilayers (Fig. 1 and
Table S1). Only the analogs with C16 or longer sphingosine
were observed to induce ordered- or gel-phase formation
in POPC bilayers. In a previous study, Karttunen and
co-workers (61) observed a chain-length-dependent lateral
phase separation for ceramides with varying N-acyl chain
lengths in fluid dimyristoyl-PC monolayers. They found
that ceramides with N-acyl chains as short as C10 phase-
separated from the PC. If 18:1-PCer is considered structur-
ally symmetric (in accordance with the calculations of
Kodama and Kawasaki (62) demonstrating the symmetry
of palmitoylsphingomyelin), then a 10-carbon-long N-acyl
chain would correspond to a 12-carbon-long sphingosine.
However, neither 12:1-PCer nor 14:1-PCer was found
to phase-separate from POPC in our study (Fig. 1 and
Table S1).Effect of the ceramide analogs upon CHL
distribution and formation of ordered domains
in complex lipid systems
We previously showed, using tPA- and CTL-quenching
assays similar to those used here, that a minimum length
of 8 carbons for the N-acyl chain was required for ceramide
to displace CHL from a PSM-rich environment (17).
Ceramide Sphingoid Base Length Analogs 1877However, in the study presented here, we show that the
minimum length requirement of the sphingosine for ceram-
ide to displace sterol was 16 carbons (corresponding
roughly to 14 carbons in the N-acyl chain), and even then
the displacement was not nearly as effective as that obtained
by ceramides with longer sphingosines (Fig. 4). These
observations indicate that the sterol-displacing capability
of ceramides is more sensitive to shortening of the sphingoid
base than to shortening of the N-acyl chain. Clearly, the
ability of the sphingoid-base-modified ceramides to displace
sterol from the PSM-rich phase was related to their ability to
recruit PSM into ceramide-rich ordered- or gel-phase
domains (Fig. 4 and Fig. S1). Similarly, a possible ceram-
ide-induced displacement of CHL from a sphingomyelin-
rich phase was previously proposed for ceramides with an
N-acyl chain long enough to enable formation of ceram-
ide-rich phases (12). We also showed in an earlier study
(20) that the efficacy of ceramide in interfering with the
lateral distribution and overall bilayer affinity of sterol is
dependent on the N-acyl chain length. In that study, ceram-
ides with relatively long N-acyl chains (C16 and C18) were
shown to effectively reduce the bilayer affinity of sterol.
Similarly, here we observed the most efficient reduction in
sterol affinity with ceramides that contained the longest
sphingosines (C18 and C20; Fig. 5). The methodology
used in this study does not allow us to safely conclude
what the lateral localization of 12:1- and 14:1-PCer was in
the complex mixtures, but it was evident that they were
not able to increase the thermal stability and molecular
order of the PSM-rich phase enough to interfere with the
lateral distribution of CHL (Fig. 4 and Fig. S1). However,
it was previously shown that ceramides with short N-acyl
chains mix with lipids in a sphingomyelin/CHL-rich
phase in complex lipid mixtures similar to those used in
this study (12).Possible effects of chain mismatch on ceramide
molecular shape and lateral chain packing
When Megha and co-workers (19) compared two groups of
ceramide derivatives, one with different small structural
modifications of the sphingoid base near the headgroup
region and one with varying N-acyl chain lengths, they
observed that the structural modifications did not affect
the bilayer properties of the ceramides nearly as much as
did shortening the N-acyl chain length. Therefore, they sug-
gested that ceramide packing in bilayers is more sensitive in
the hydrophobic core of the membrane than in the polar
headgroup region. Our results also emphasize the impor-
tance of two long chains for more thermostable chain
packing of ceramides. However, it is known that the exten-
sive network of interfacial hydrogen bonds that ceramides
form in bilayers has a major impact on their bilayer proper-
ties (59), and that impairing hydrogen bonding and interfa-
cial packing at the amide-link nitrogen limits the lateralpacking interactions of ceramides (25). Therefore, short-
ening of the sphingosine may also have caused altered
geometry and subsequent conformational changes that
affected both the van der Waals interactions between the
ceramide acyl chains and the packing properties of the
ceramides at the interfacial level.
The more-fluid nature observed for the ceramides when
the degree of chain mismatch was increased could also
depend on an increase in the surface area occupied by the
ceramides. With regard to sphingomyelins experiencing
chain mismatch caused by the N-acyl chain extending
beyond the length of the sphingoid base, it has been sug-
gested that rotational motions of the shorter sphingoid
base exert a disordering effect on the mismatched bonds
in the adjacent N-acyl chain, increasing the likelihood of
gauche rotamers in the terminal part of the N-acyl chain
(62). This, again, has been suggested to explain why
the sphingomyelin gel phase becomes destabilized in
mismatched sphingomyelin bilayers (63). Likewise, the
mismatch induced by shortening of the sphingoid base could
perturb the conformation of the ceramide acyl chains,
affecting their interlipid interactions. It has been suggested
for ceramides with varying N-acyl chain lengths that chain
mismatch prevents the acyl chains of asymmetric ceramides
from adopting a conformation that maximizes the chain-
chain interactions, with the bulky terminal methyl of the
mismatched chains occupying a wider volume than the
chains of symmetric ceramides (64). Hydrophobic mis-
match of the acyl chains has been shown to cause partial
interdigitation and complex miscibility behavior of ceram-
ides, features that can affect the lateral partitioning of lipids
(64,65). Moreover, saturation of the C4-C5 double bond in
sphingosine, which locates near the functional groups (i.e.,
the amide-link nitrogen and the C3-hydroxy group) has
been shown to affect the lateral packing behavior of ceram-
ide, leading to less dense packing of the ceramide acyl
chains (26,66). In light of this, shortening of the sphingosine
may also have induced orientational disorder about the C4-
C5 double bond, increasing the lateral space requirement of
ceramide and causing perturbations in the interactions of the
ceramide analogs with neighboring lipid acyl chains. In
monolayers, the mean molecular areas of ceramides with
an N-acyl chain varying in length from 10 to 16 carbons
are approximately identical (61), and ceramides displayed
the same limiting cross-sectional area upon collapse in
surface pressure studies (65). Thus, shortening of the
N-acyl chain may have less dramatic effects on the confor-
mation of the ceramide molecule than shortening of
the sphingoid base. This could partly explain why the
membrane behavior of ceramides in certain circumstances
appears less sensitive to length variations in the N-acyl chain
than in the sphingoid base. However, the use of different
lipid species and molar compositions could also explain
some of the discrepancies between the effects of the
N-acyl chain and the sphingoid base observed in the studiesBiophysical Journal 103(9) 1870–1879
1878 Maula et al.about chain-length-specific effects of ceramides on mem-
brane properties.CONCLUSIONS
The results of this study demonstrate the dependence of the
membrane behavior of ceramides on the length of their
sphingoid base. Shortening the length of the naturally domi-
nant C18 sphingosine markedly affected the bilayer proper-
ties of ceramides in terms of interactions with PSM and the
formation of ceramide-rich ordered- or gel-phase domains.
The observed differences in the membrane behavior of the
ceramides most probably originated from the chain asym-
metry that caused weakening of the van der Waals inter-
actions between the hydrocarbon chains. However, the
observed effects could at least partly originate from confor-
mational changes that weakened the hydrogen-bonding
capability and lateral packing properties of the ceramides
at the interfacial level. In certain circumstances, the bilayer
properties of ceramides seem more sensitive to small alter-
ations in the length of the sphingoid base than in the N-acyl
chain, indicating possible differences in the packing proper-
ties and chain-chain interactions of these hydrocarbon
chains with the acyl chains of other lipids in the center of
the membrane. Altogether, the results show that the proper-
ties of the sphingoid base can lead to modified membrane
properties for ceramides. In agreement with a previous
suggestion by Fyrst and co-workers (41), we think that in
a biological context, length variation in the sphingoid base
may significantly affect the biophysical properties and bio-
logical functions of sphingolipids.SUPPORTING MATERIAL
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